The I factor of Drosophila melanogaster is a retrotransposon of the LINE superfamily. The I factor displays two non-overlapping open reading frames (ORFs) that have the potential to encode for a nucleic acid-binding protein (ORF1) and a reverse transcriptase (ORF2). Retrotransposition of the I factor has been demonstrated and a putative full-length RNA intermediate has been identified. No other transcript from functional I factor has ever been described, suggesting that the full-length RNA is also used as a messenger. Here we report that a bicistronic RNA which conserves the ORF1 -ORF2 organization of the I factor transcript is a template for ORF2 translation in vivo. We further demonstrate that the first AUG of ORF2 initiates translation, but efficiency of this initiation increases approximately 200 fold when ORF1 is deleted. Our results show that the I factor transcript may be used to translate both ORFs from their own initiation codons at different rates. Various mechanisms of translation are proposed.
INTRODUCTION
LINEs (Long Interspersed Nucleotidic Elements), also known as nonviral or non-LTR retrotransposons, are a superfamily of transposable elements (1). In mammals up to 5% of the genome consist of the same LINE family: LI (2). Although not as abundant in other organisms, LINE families are also found in protists, plants and insects (3) . LINEs are devoid of terminal repeats but have an adenine-rich region at the 3' end (3). Fulllength elements usually contain two separate or slightly overlapping long ORFs, one of which encodes a polypeptide similar to viral reverse transcriptases. Such an activity has been demonstrated for the jockey element from Drosophila melanogaster (4) and the CRE7 element from Crithidia fasciadata (5) . Direct evidence for retrotransposition is available for three different LINEs: the LI elements of rat and mouse (6, 7) , and the I factor of D.melanogaster (8, 9) . In human, de novo insertions of LINE-1 elements have been found associated with hemophilia (10), or with tumors (11) .
The I factor of D. melanogaster differs from all other LINEs by its ability to transpose at high frequency under conditions, named I-R hybrid dysgenesis, that can be experimentally induced. All D. melanogaster strains fall into one of two categories: inducer strains (I) which contain active I factors (~ 15 copies/haploid genome) and reactive strains (R) which do not (12) . Crosses between I males and R females produce dysgenic females displaying germ-line specific abnormalities associated with I factor transposition such as low fertility and increased frequencies of mutation and chromosomal rearrangement.
Functional I factors are ~5.4kb long and contain two long ORFs (ref. 13 and 14; Fig. la) . ORF1 is 1287bp long and potentially encodes a polypeptide featuring zinc-finger motifs. ORF2 is 3675bp long and potentially encodes a polypeptide displaying homologies with viral reverse transcriptases and ribonuclease HOs. Retrotransposition of the I factor has been demonstrated (8, 9 ) and a putative RNA intermediate has been identified (15). The fact that this full-length RNA is the only I factor transcript detected so far suggests that it is used as a messenger for synthesis of the I factor-encoded polypeptides. These polypeptides have not been identified, although expression of an ORFl-IacZ fusion gene has been observed in germ-line cells (16) where transcription and transposition occur. However, the location of ORF2, 53bp downstream from the end of ORF1 within the structurally bicistronic I factor transcript, raises the problem of its translatability. While genomic RNAs from caulimo-and hepadna-viruses are now considered as functional polycistronic messengers (17, 18, 19) , little is known about the ability of cellular messengers to direct the translation of a downstream ORF. Recently ORF2 from mamalian LINEs have been shown to be translated from bicistronic transcripts in vitro and in cultured cells (20, 21) Here we report that a bicistronic RNA homologous to the I factor transcript enables ORF2 translation in vivo, strengthening the idea that the full-length I factor RNA is not only the intermediate for transposition but also the messenger required for synthesis of the polypeptides catalysing this process.
MATERIALS AND METHODS

DNA cmstmd~
For simplicity only a brief summary of how the constructs were made will be presented here. The full details of all of the cloning steps are available upon request. For construction of pZ17T (Fig.  lb) , the first 160 bp of the I factor from pI407 (22) , including the I factor promoter (23) . were replaced by an EcoRi-hHI fragment from pHT 4 (24) containing the hsp70 promoter. AU I factor sequ~lces after the EcoRV site at position 1570 were replaced by a XmaI-SalI fragment from pMC1871 (25) contaiuing the Lac2 coding sequence. Finally, a Cld-XbaI fragment from pHSREMl (26) carrying the hsp70 trailer was inserted at the 3' end of the LacZ sequence. pZl7TM (Fig. 3) is a pZ17T derivative generated by mutagenesis of the first I factor ORF2 ATG into AAG using the following oligonucleotide (mjmutch to the wild type sequence underlined): CTCAC-AAA-AGTCCCTAAC and the O l i g o n u c l~ in vim Mutagenesis System 2.0 (Amersham) as mmmded by the mauufacturer. pZl7TA1 (Fig. lb) and pZl7TAlM (Fig. 3) derive respeaively from pZl7T and pZ17TM by deletion of all I faaor sequeaces upstream from the Hindm site at position 1516. The @-glucuronidase repotter construct pGUS was obtained by replacing the laczcontaining XbaI fragment from pCV2-Bgal (J.L.Couderc) with the HindIII-bRI Eragmnt from pRAJ260 (27) auryingthe E.cdi&ghmm&wcoding sequeace (d).
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the w40 tennioation signaI.
Cell*dtrPneledbnpPLoeol
The Kc167 D m~~ cell line was grown at 23°C in D22 medium supplemented with 2% f&&setuta
Transfections were carried out by lipofection using the cationic lipid DOTMA (Boerhinger Manheim) . 106 -lo7 cells were transfected in 5 ml of CaCIZ-supplemented HBS (HB! 3: 150 mM NaCI, 20 m M Hepes pH7.4; 0.7 mM CaC13 containing 2.5 pg of pGUS plus the appropriate amount of one plasmid of the pZ series for a 311 molecular ratio, and 50 pl of lipid. After 6 hr at 23"C, 7 ml of D22 2% FCS were added. After incubation for another 12 hr at 23°C the medium was replaced with 10 rnl of fresh medium and the cells further incubated for 48 hr. The cells were heat-shocked at 37°C for 1 hr, allowed to recover for 2 hr and heat-shocked again at 37°C for 1 hr. The ceUs were then harvested either for RNA isolation or 8-galanosidase and ~-glucutOnidaSe assays.
RNA idation and Nortbera blot anaiysis
RNA was isolated from -108 cells using the Quickprep Purification Kit (Pharmacia) under the conditions fccol~llllcnded by the manufacturer. RNA was subjected to electrophoresis through a denaturing agarose -formaldehyde gel, transferred to a nylon membrane and hybridized with a RNA probe as descn'bed in (29) . A radiolabeled lac2 probe was synthesized by in vitro rraoscripion using a recombinant pGEM-7Zf(-) plasmid canyingthe 1.1 kbSmI-EcoRI~EragmntfrompMC1871.
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Thecellswerescrapedfromthedish,waSbed~withHBS, galactosidase and @-glucuronidase activities are expressed in enzyme units. 1 unit is defined as the amount of enzyme that produces 1 nrn of productlmin at 37°C.
Microiqjection and in & detection of @-gahdddase activity
The reactive strain Charolles was used as recipient for the transient expression analyses. After a lhr pre-collection period, eggs were collected at 15-30 min intervals at 25°C. All other operations were carried out at 18°C. The DNA solutions (500 pglrnl, 5 m M KCl, 0.1 m M sodium phosphate pH6.8) were injected into embryos as described by Zalokar (30) . After injection, the embryos were transferred at 25°C and incubated for the desired time. After heat-shock (see above) nondevitellinized embryos, as well as dissected larval and adult organs were stained as described in (31) . to pZI7T is indicated in paremheses. In our experiments, heat-shock had no significant effect on h e activity of the copia promoter (data not shown). The low level of fi-galactosidase activity in untreated pZ17TAl-transfed cells probably reflects a weak constitutive activity of the hsp70 promoter.
RESULTS
Synthesis
the I factor pZ17T still retains the full O w l , the inter O W sequence, and the beginning of ORF2 with its first ATG at position 1536. Its expression is no longer restricted to germ-line cells. As a monocistronic control we constructed pZ17TA1 by deleting all sequences from the I factor before the HindIII site at position 15 16 (Fig. lb) . In this case the hsp70 promoter-leader lies just upstream from the ORF2 -la& fusion and drives the expression of a transcript with AUG 1536 from ORF2 as single potential start d o n for LacZ translation.
Plasmids pZ17T and pZ17TA1 were inaoduced by transfedon into Kc167 cells. Fortyeight hours later, cells were heat-shocked and poly(A)+ RNAs were extracted and analyzed as described in Methods. The monocistronic construct pZ17TA1 yielded the expected rnonocistronic RNA, while pZ17T gave a full-length RNA similar to the full-length transcript from .I factor (Fig. lc) .
Cotransfection with equimolecular amount of DNA showed that both transcripts had similar steady-state levels. No degradation product equivalent to the monocistronic RNA of pZ 17TA 1 was found for pZ17T even when the film was overexposed (Fig. lc) : only the full-length bicistro~c RNA was ever detected.
ORE2 is traaslated in vivo from the bicistronic mRNA
In situ stainings of transfected cells by X-Gal demonstrated that pZ 17T and pZ 17TA 1 can direct the synthesis of 8-galactosidase (data not shown). To be sure of the ability of these constructs to express ORF2 in vim, we microinjected them in embryos at pre-blastodenn stage. Embryos were then heat-shocked at various stages (5 hour old embryo, third instar larva, adult) and assayed for 8-galaaosidase. When a sufficient amount of DNA is injected all the cells receive and maintain potentially functional DNA for a least 10 hours (32). However, as development progresses, a lower percentage of the cells can still express the injected DNA. Transient expression of pZ 17T and pZ 17TA 1 were observed at all developmental stages investigated (Fig. 2a) . Without an internal standard, the percentage of 8-galactosidase-expressing embryos may vary due to intrinsic variability of the experimental conditions. However we obtained clear-cut results: 6% of pZ17T-injected embryos were positive compared to 90% for pZ17TAl, suggesting that the level of /3-galactosidase activity was lower when directed by the bicistronic construct. pZ17T-and pZ17TAl-directed /3-galactosidase activities were observed in a variety of larval and adult organs such as intestine (Fig. 2b) , malpighian tubules and ovaries. But once again, pZ17T-directed staining appeared always more sparse and/or faint than the pZ17TAl-directed one. From these results we concluded that ORF2 can be translated from the monocistronic messenger (probably by recognition of AUG 1536 as a start codon for translation) and from the bicistronic messenger.
Translation of ORF2 is initiated at internal AUG1536 albeit inefficiently
We showed that pZ17T and pZ17TAl transcripts had similar steady-state levels in Kcl67 cells after a heat-shock (Fig. lc) . However transient expression assays showed that ORF2 might be translated at a lower rate from the bicistronic RNA messenger. In order to clarify this point we quantified the /3-galactosidase activity accumulated in Kcl67 cells after transfection. As an internal control, a transcriptional fusion of the /3-glucuronidase coding sequence from E.coli to the promoter of the copia transposable element, was cotransfected to monitor the efficiency of transfection in each plate of cells. /3-galactosidase and /3-glucuronidase activities were measured and the ratio /3-galactosidase activity/|3-glucuronidase activity was calculated.
Results are given in figure 3 . Expression of ORF2 from the bicistronic construct pZ17T was strictly dependent upon a heatshock and therefore upon the presence of the full-length bicistronic mRNA transcribed from the hsplO promoter. However, the rate of accumulation of /3-galactosidase was approximately 200 fold higher with the monocistronic construct. In order to know whether ORF2 translation was initiated at internal AUG1536 within the bicistronic transcript, we mutated AUG 1536 into AAG, a codon unable to initiate translation (33) . The monocistronic transcript pZ17TAlM, which bears this mutation, was unable to direct the expression of a /3-galactosidase activity in transfected cells (Fig. 3) , proving tfiat AUG 1536 is a genuine start codon for translation. The same mutation within the bicistronic construct (pZ17TM) had the same effect (Fig. 3) , indicating that ORF2 is translated from its own start codon within the bicistronic transcript, and that the presence of ORFl prevents its efficient use.
The next point was to assess the ratio of ORFl to ORF2 expression in the bicistronic construct. We fused lacZ with ORFl and showed again that ORFl expression was much more higher than ORF2 expression. But : a) this fusion gave not the same level of expression as pZ17Al (we could assume that efficiency of the initiation codon was not the same for ORFl and ORF2) and b) as we constructed two different translational fusions between ORFl and lacZ we saw that one construct gave repeatdly three times more /3-gal activity than the other. This suggested that each fusion protein had its own specific activity and that such specific activities might vary broadly. Therefore the levels of expression we recorded could be compared directly between our various ORF2 fusions, but could be compared neither between the two different ORFl translational fusions, nor between ORFl and ORF2 fusions as they gave different fusion proteins, the relative specific activities of which were unknown.
DISCUSSION
By placing the I factor under the control of an inducible promoter and fusing ORF2 with a reporter gene we were able to assess ORF2 translatability in different Drosophila tissues and in cultured cells. Our data show that ORF2 translation occurs from a bicistronic mRNA sharing the same ORF organization with I factor. The fact that there is no requirement for an internal transcription unit or an RNA splice to express the downstream ORF of die I factor is consistent with previous transcription studies: no RNA shorter than the full-length one has ever been detected (15). This result supports the idea that the full-length I factor transcript is not only the RNA intermediate for transposition but also the messenger required for synthesis of the proteins involved in this process.
As shown by mutagenesis experiments, ORF2 translation strictly depends on AUG 1536, the first AUG codon in 0RF2 sequence. This indicates that there is no continuous translation from ORFl to ORF2 through ribosomal frameshifting (3 frameshifts required to avoid intercistronic stop codons), but that ORF2 translation is initiated internally at the first ORF2 AUG. Recent results indicate that the translation of human LINE-1 element (LIHs) ORF2 is most likely to be initiated internally (21). In addition, the ORFl-encoded polypeptide of LIHs was identified in vitro and in cultured cells by using antibodies, but no ORF1-ORF2 fusion protein was ever detected (34) . Moreover, in vitro ORF2 translation of a rat LINE-1 bicistronic transcript was demonstrated to be internally initiated (20) .
Most translation initiations in eukaryotes occur according to the scanning mechanism proposed by Kozak (35) . This model states that the 40S ribosomal subunit and its associated factors binds initially at the 5' end of mRNA and then migrates, stopping at the first AUG codon for initiating translation. However an increasing number of cellular and viral mRNAs are now known to initiate translation at internal AUGs (36) . Four different models have been proposed to account for all the recorded exceptions and could explain internal initiation within the I factor transcript. These include (i) leaky scanning: the 40S subunit can bypass the first AUG if it does not lie in a favorable context for initiation (i.e. a purine at position -3 and a G at position +4) and reach another one further downstream (37), (ii) termination-reinitiation: after a stop codon the ribosome dissociates but the 40S subunit can remain associated with the mRNA, resume scanning and reinitiate translation at a nearby internal AUG (38) , (iii) internal ribosome entry: the 40S subunit binds directly to an internal site and scans the RNA to reach the initiation site (39) , and (iv) ribosome shunt: the 40S subunit first recognizes the 5' end of the RNA then 'jumps' directly to an internal binding site in order to initiate translation at the authentic AUG (40) .
To reach the internal ORF2 initiator codon, the ribosomal subunit binding the 5' end of the I factor transcript must bypass 13 AUGs, many of them being in a more favorable context to initiate translation. This argues against the leaky scanning hypothesis. Additional experiments are however needed to discriminate between the three other mechanisms.
We examined the translation efficiency of ORF2 within both bicistronic and monocistronic mRNAs. Our data show that the efficiency of ORF2 translation decreases 200 fold when ORFl is present without any correlated decrease in the steady-state level of transcripts. Such an inhibitory effect has been previously described for artificial bicistronic mRNAs (41) . Thus, in our experimental conditions internal initiation is significantly inefficient compared to initiation at the 5' end of the messenger. This suggests that I factor ORF2 polypeptide is synthesized at a lower rate than ORF1 polypeptide, and probably produced in minute quantities in the ovaries of the fly. However we cannot rule out the possibility that in this organ a trans-acting factor specifically enhances translation initiation at internal AUGs. Similar trans-acting factors have been described in yeast (42) and in plants (43) .
A high ratio of ORF1 to 0RF2 translation is consistent with our knowledge of the transposition cycle of LINEs. Models for LINEs transposition propose that reverse transcription occurs in a ribonucleoprotein particle containing full-length RNA and transposon-encoded polypeptides. Ribonucleoprotein particles with LI RNA were identified in mouse and human cell lines (44, 45) . In human cells, particles were also found associated with reverse transcriptase activity. In both cases, the ORF1-encoded polypeptide was identified as a major component of the particle but the ORF2 polypeptide escaped detection, suggesting that there are very few, possibly only one, 0RF2 polypeptides per reverse transcription complex. Inefficient translation of a downstream ORF within a bicistronic mRNA may thus be responsible for the elusiveness of the LINEs reverse transcriptase.
